This study presents a new bond model based on the deterioration mechanisms observed during uniaxial tensile tests of reinforced concrete prismatic specimens subjected to freeze-thaw cycles. The test results demonstrated that the bond stress reduced, even though the specimens were exposed only to temperature fluctuation without the damage in concrete cover. The proposed model considers the bond deterioration mechanism caused by the temperature fluctuation in addition to the damage in concrete cover. Finally, the proposed model shows good agreement with the test results regardless of the dominant deterioration mechanism.
Introduction
In cold snowy regions, structural performance of existing reinforced concrete (RC) structures is affected adversely and significantly by freeze-thaw action (Matthews and Bigaj 2013; Green et al. 2003) . Such structures require assessments based on their mechanical performance, such as load-carrying capacity. However, it is quite difficult to assess the structural performance because of the special distribution of freeze-thaw damage inside concrete i.e. location, depth, and degree of damage. Therefore, the structural assessments are currently performed based on the physical appearance of RC members, which is considered as the degradation of their structural performance.
In previous studies concerning frost damage, material-related issues such as mechanical properties of plain concrete have received considerable attention (Hassan et al. 2004; Penttala and Al-Neshawy 2002) . On the other hand, little information is available on member behavior such as load-deflection responses (Hassanzadeh and Fagerlund 2006; Diao et al. 2010) . Hayashida et al. (2014) reported that the variations of location and size of the damage zone in concrete determine the load-carrying capacity as well as failure modes of reinforced concrete (RC) beams subjected to freeze-thaw action. To predict such behavior, the authors intend to employ the non-linear finite element analysis (FEA). Several studies suggest that the nonlinear FEA with the smeared reinforcement approach is unable to simulate the load-deflection responses of damaged RC beams, particularly of severely damaged ones (Hayashida et al. 2014; Berto et al. 2015) . It follows that, in the analysis of existing structures, the bond deterioration between steel bar and concrete must be considered as bond stress-slip relationships rather than as tension stiffening models assuming the perfect bond. Existing bond models adopt the relative dynamic modulus of elasticity to consider the damage in concrete cover (Petersen et al. 2007; Hanjari et al. 2011) . However, the bond stress may reduce even if specimens are not submerged during freeze-thaw test because of different thermal properties between steel bars and concrete. This may imply that the bond stress degradation is only caused by the temperature fluctuation even without the damage in concrete cover due to the submersion.
In this study, therefore, a new bond model is proposed including the deterioration mechanism due to the temperature fluctuation, and then the model is verified through the comparison with the test results carried out by the authors. First, this study provides experimental evidence that bond stress degrades under effects of temperature fluctuation, and then the deterioration mechanisms observed during the tests are discussed. Subsequently, the model is developed while the deterioration mechanisms are incorporated based not on the regression of test data, but on a comprehensive examination and comparison of existing models. Finally, the validity and applicability of the proposed model are investigated by comparing with the average bond stress-strain relationships obtained during the tests.
Test program

Specimens and parameters
The cenrtically reinforced prismatic specimens were prepared with D16 bars as shown in Fig. 1 . The electri-cal-resistance strain gauges were attached on the bar surface at 100 mm spacing. Epoxy adhesive and insulation tape were applied on the strain gauges to avoid the damage during casting and disturbance due to water penetration during freeze-thaw cycles. The modulus of elasticity and yield strength of the reinforcing bars were 177 GPa and 351 MPa, respectively. D25 bars were welded to the D16 bars at both ends of the specimens to make connections with testing equipment. To increse the freeze-thaw damage, the water-cement ratio of the concrete was 0.55 and no air-entraining agent was used. The mix proportion is listed in Table 1 .
All the specimens are summarized in Table 2 . Nine RC prismatic specimens were prepared in total. The parameters involved were the presence or absence of cracks prior to freeze-thaw test (preformed cracks), submersion during freeze-thaw test, and the number of freeze-thaw cycles. The symbol P in Table 2 (P-series) stands for the preformed cracks, while the W (Wseries) denotes the submersion during freeze-thaw test and the N means neither of these. The numbers represent the number of freeze-thaw cycles. S100 and PS100 specimens were cast to obtain the internal temperatue of the concrete using thermocouples. The thermocouples were embedded at five locations along steel bars to measure internal temperatures at two points, namely at the same depth as D16 bars and at nearby surface, as shown in Fig. 1 . In addition, three cylindrical specimens of 100 mm in diameter and 200 mm in depth were prepared for each series from the same batch as that of prismatic RC specimens to investigate the difference in the compressive strength due to submergion during freeze-thaw test.
Test procedure
At first, the uniaxial tensile test was performed on the specimens of P-series prior to freeze-thaw test. The specimens were loaded to approximately 40 kN while the cracks width reached to around 1 mm and then the specimens were completely unloaded. All the tested specimens (PW50, P100, PW100, and PS100) showed four cracks as presented in Fig. 2 , and the residual width of each crack was around 0.03 (mm) after the unloading. Thereafter, the freeze-thaw test was carried out on all the specimens except for specimen N0. Fi- nally, the uniaxial tensile test was performed on all prismatic RC specimens. During the freeze-thaw test, the D25 bars were temporarily covered by plastic pipes and embedded in concrete so as to avoid being exposed to a drastic change in temperature. The concrete around D25 bars was removed after freeze-thaw exposure. Moreover, three cylindrical specimens were exposed to freeze-thaw cycles in the same way as that of prismatic specimens, and then tested in axial compression.
Details of freeze-thaw test
The freeze-thaw test was performed in a large environmental chamber, which accommodates RC members. The specimens of W-series were placed in stainless steel trays, which were filled with water during the tests. Each freeze-thaw cycle consisted of 18 hours with temperature variation between +25 o C and -25 o C. Figure 3 shows the history of input temperature in the chamber and the recorded temperature at the center of specimen S100 during the second cycle. The internal temperature at the center of specimen S100 varied between +20 o C and -20 o C. Additionally, it was found that the water in the trays was frozen completely during the freezing process, and afterwards it was fully melted during the thawing process.
Details of uniaxial tensile test
A schematic diagram of the loading arrangement for uniaxial tensile test is shown in Fig. 4 . The specimens were placed horizontally in the steel frame and both ends of the embedded bar were connected to the rods by couplers. The one end was fixed to the steel frame, while the other was connected to the hydraulic jack. Two rollers were placed between the specimens and the steel frame to reduce the friction. During the test, the applied load were measured by the load-cell while cracks width were measured using a contact gauge with contact tips attached to the concrete surface at 100 mm spacing, as seen in Fig. 5. 3. Results and discussion on bond deterioration mechanism due to freeze-thaw action 3.1 Average bond stress-strain response The strain for each section of 100 mm was calculated using the elongations measured through the contact gauge, and the average of all individual strains was determined, which is used to discuss the bond stressstrain (τ-ε) behavior. The average bond stress was obtained from Eq. (1).
where, τ is bond stress (MPa), E s is elastic modulus of steel bars (MPa), D is bar diameter (mm), ε is strain measured using contact gauge, and dx is the length of each section i.e. 100 (mm).
The strain of adjacent sections of 100 mm was substituted into dε, and the average of bond stress for respective sections was calculated for the whole length. The strain values measured by the electrical-resistance gauges were eliminated. This was because the strain distributions were inconsistent with the crack distributions, and furthermore, the strain at some of the sections could not be recorded. This may be because wa- terproof insulation of attached strain gauges was disturbed due to water penetration during freeze-thaw cycles. Now, in the tensile tests after freeze-thaw exposure, the average crack spacing varied from 160 mm observed in specimen N0 with five cracks, to 250mm observed in specimen W100 with three cracks. Figure  6 shows the crack patterns of all the tested specimens together with the physical appearance of frost damaged specimens. The severe damage in concrete cover is recognized in W100 and PW100 specimens. The damage response over the half-length of the crack spacing, varying from 80 mm to 125 mm, will be discussed. Such crack spacings almost coincide with the size of the elements used in member analyses by non-linear FEA (Hayashida et al 2014) . Figure 7 represents the average τ-ε relationships of uniaxial tensile tests for all specimens after the freezethaw test. The preformed cracks are expected to facilitate the bond deterioration because the internal structure of RC prismatic specimens is exposed to considerable temperature fluctuation besides the water penetration through cracks. To support this, Fig. 8 provides the gap between the maximum and minimum temperature of S100 and PS100 specimens under the freeze-thaw cycles. The data were recorded using thermocouples both at center and at nearby surface. Obviously, specimen PS100 shows the larger gap than that of S100 at both locations because of the presence of preformed cracks. The τ-ε response of specimen PW100 in Fig. 7 (b) exhibits the most significant deterioration. In addition, the specimens subjected to 100 freeze-thaw cycles tend to present the smaller bond stress than those subjected to 50 cycles at the same average strain level. It can be concluded that the average response captures the variation in the bond deterioration characteristics resulted from the preformed cracks and the submersion during the freeze-thaw test. Now, the difference between specimen N100 and P100 deserves attention. Even though these were exposed only to temperature fluctuation without the submersion, they demonstrate the smaller bond stress compared to the undamaged specimen N0. Moreover, specimen P100 with the preformed cracks shows the more significant deterioration.
Mechanism of bond deterioration
Previous studies have concluded that the frost damage progresses from exposed surfaces, and the consequent damage in concrete cover leads to the bond stress degradation (Petersen et al. 2007; Shih et al. 1988) . However, if specimens are not submerged during freezethaw cycles, the concrete cover shows slight damage even under the temperature fluctuation. Indeed, the compressive strength of the non-submerged cylindrical specimens was 92% of the undamaged specimens. This implies that another deterioration mechanism took place in N100 and P100 specimens. The bond stress correlates the magnitude of confinement of surrounding concrete against the slip of bars. It follows that when the damage in concrete cover results in the smaller confinement, it leads to the bond stress degradation. Even though the sufficient confinement is provided, the bond stress cannot be developed very well if plain bars are embedded. Apart from the mechanical interlocking between bar ribs and surrounding concrete, the frictional resistance at the interface plays an important role in the bond mechanism.
The authors assume that the bond deterioration observed in N100 and P100 specimens is attributed to the reduction in the frictional resistance. In thermal properties of steel and concrete, there is almost no difference in the coefficient of thermal expansion (Macdonald 2008) , whereas the specific heat of concrete is approximately twice as large as that of steel (Yu et al 2007) , that is, steel bars are more susceptible to the temperature fluctuation than concrete. The difference in thermal strain between steel bars and concrete can impose the relative displacement at the interface even under the same freeze-thaw environment, and consequently, the bond stress degrades. Since the embedded bar in specimen P100 is directly exposed to the temperature fluctuation at the cracked locations, the thermal strain of steel bar can differ substantially from that of surrounding concrete; this provides a basis for the smaller bond stress of specimen P100 than that of specimen N100. 
where k = 0.73, f' c is the compressive strength of concrete cover (MPa), S is slip (mm), and g(ε) = 1/(1 + ε×10 5 ).
Bond model based on concrete confinement (Den Ujil and Bigaj 1996)
Concrete after freeze-thaw exposure shows drastic change in its stress-strain behavior. Nevertheless, this change can be considered in terms of the concrete compressive strength only in Shima model. To fully account for the change in mechanical response of concrete, the bond model proposed by Bigaj et al., i.e. Bigaj model, will be incorporated because it is able to associate the damage response with the confinement capacity. Figure 9 illustrates the schematic representation of Bigaj model. The relationship between the radial confinement stress and radial strain is based on the theoretical solution for an axisymmetric problem (Timoshenko 1951), while the influence of internal cracks due to bond force is taken into account by the fictitios Fig. 8 Gap between maximum and minimum temperature of S100 and PS100. crack model (Hillerborg et al. 1976 ) and a tension softening law. Although Bigaj model is comprehensive to deal with the actucal bond mechanism, it has several fitting coefficients. For this reason, it may not be directly applicable to the bond deterioration due to freeze-thaw action.
Modeling of bond deterioration mechanisms 4.2.1 Range of applicability of cover thickness
Shima model cannot predict the bond behavior of members with small cover thickness, (Salem et al. 1999; IIzuka et al. 2011) whereas Bigaj model can predict it. Thus, the common range of cover thickness needs to be investigated prior to modeling the deterioration mechanisms with the help of Bigaj model.
The comparison of the bond stress-slip (τ-S) relationships with the variation of C/D, namely normalized cover thickness by bar diameters, is shown in Fig. 10 . The τ-S responses were obtained using the iterative procedure presented in Fig. 11 , which satisfies the equilibrium of forces and compatibility of deformations in axial direction. In the iterative procedure, the embedment length is set to be long enough to have zero strain and no slip at the free-end, so that the same τ-S response is obtained at each location along the steel bar. Figure 10 demonstrates clearly that if the C/D is larger than 2.3, both models present the same τ-S response. The reason for the discrepancy for C/D = 2.2 is that the cover thickness is so small that a probable failure mode changes from pull-out to splitting in Bigaj model. This supports the finding by IIzuka et al. that the strain function g(ε) in Eq. (3) is not suitable when C/D is smaller than 2.0. The prismatic specimens in this study are within the applicable range of C/D, i.e. 2.6, for Shima model and Bigaj model.
Bond deterioration mechanism due to damage in concrete cover
In Bigaj model, the bond stress becomes larger with the increase in confinement stiffness. The stiffness is governed by the modulus of elasticity of concrete cover, and the magnitude of the stiffness is expected to be constant in massive concrete. Since Shima model is developed for massive concrete, the stiffness of τ-S relationship in Eq. (2), namely k, can be interpreted as the constant representing the confinement stiffness for massive concrete. To model the damage in concrete cover, k is associated with the modulus of elasticity of concrete cover. In the following sections, the material properties of the damaged concrete are denoted by the subscript, dam.
In the course of developing Shima model, k = 0.73 was determined by substituting bond stresses, slips, and strains obtained from their experiment into Eq. 
Comparison between S and S 0 | dS | is within 1% of S 0 ? Go to Fig. 11 Flowchart of calculation bond stress, slip, and strain with long embedded length. 
where f 1 (E c,dam ) is the function considering the deterioration mechanism due to damage in concrete cover.
Bond deterioration mechanism due to reduction in frictional resistance
It is a well-known fact that the internal cracks due to bond force develop in the vicinity of the embedded bar (Goto 1971). The cracks appear when the circumferential tensile stress exceeds the tensile strength of concrete cover (Tepfers 1979) . The crack propagation around the bar surface reduces the frictional resistance and allows the relative displacement to surrounding concrete. This suggests that the frictional resistance at the interface is highly dependent on the tensile strength of concrete around steel bars.
To correlate the reduction in frictional resistance with the concrete tensile strength, the same technique as explained in the previous subsection is applied. Figure 13 shows the relationship between g(ε) and ε, which are obtained using Eq. (5); another form of Eq. (2). In the relationships derived from Bigaj model, the several reduction rates of the concrete tensile strength, represented by ft, dam/ft, are considered.
0.73 ln 1 5 1000
The gradient of g(ε) from Shima model is equal to one in Fig. 13 . On the other hand, the g(ε) from Bigaj model shows the higher gradients as the tensile strength decreases. This suggests that the reducion of the tensile strength, namely the friction reduction in Bigaj model, can be correlated to the strain function g(ε) in Shima model, which determines the effects of steel strain on the magnitude of bond stress. Although the strain function derived from Bigaj model is apparently in a polynomial form, it can be regarded as a linear function for the simplicity. The gradient is formulated as a function of the reduction in tensile strength as follows:
where, α is the gradient of strain function g(ε) and f 2 (f t, dam ) is the function considering the deterioration mechanism due to reduction in frictional resistance. A new bond model is finally proposed as follows:
, 5 2 , ln 1 5 1000
where f' c, dam is the compressive strength of concrete cover subjected to freeze-thaw action.
Model verification
Verification method
The average τ-ε relationships obtained from the uniaxial tensile tests are compared with those of predicted using the proposed model. Figure 14 provides the iterative procedure (Morita and Kaku 1975 ) to obtain the model prediction. In this iterative procedure, the boundary condition of uniaxial tensile tests is assumed, i.e. no slip and non-zero strain at free-end. The distributions of bond stress and strain are averaged over the half-length of the cracks spacing observed in the tests. Prior to calculate bond stress using the proposed model, both damage functions, f 1 (E c,dam ) and f 2 (f t,dam ), need to be estimated. The relative dynamic modulus of elasticity (RDME) is adopted as the damage index to predict the mechanical properties of concrete after freeze-thaw exposure. The RDME for each case was determined as shown in Fig. 15 based on the reduction rate of the compressive strength of the cylindrical specimens (Matsumura et al. 2003) . Then, the damage functions were predicted with the relation between RDME and tensile strength (Hayashida and Sato 2012) , and static modulus of elasticity (Matsumura et al. 2003; ) . The damage degree for each case is summarized in Table 3 . Figure 16 represents the comparison of the average τ-ε relationships between the test results and those of predicted by the proposed model. Additionally, the original Shima and Bigaj model were used to simulate all the specimens except for specimen N0. This is because the proposed model coincides with Shima model when no damage is introduced.
Comparisons of average bond stressstrain relationships
It can be concluded that the proposed model is capable of predicting the average bond deterioraton properties regardless of the presence or absence of preformed cracks and the submergion during the freeze-thaw test. In particular, the responses of PW50 and PW100 specimens, which were submerged during the freezethaw test with preformed cracks, are well reproduced. Figure 16 also reveals that the original Shima and Bigaj models overestimate the τ-ε responses except for specimen P100, and since the little damage in concrete cover was observed in both W50 and PW50 specimens, the result of proposed model differs little from that of original Shima model.
As far as the specimens subjected only to the temperature fluctuation are concerned, the differen-ce between the model and the actual behavior seems to be clear. Specifically, the results of N100 and P100 speci- Hayashida and Sato (2012) index of damage Matsumura et al. (2003) mens are underestimated when the average strain is greater than 0.001. This implies that further investigation is required to clarify the following two points, i.e. modeling of the friction reduction in terms of concrete tensile strength, and the integration of the deterioration mechanism into the strain function in Shima model.
Conclusions
A new bond deterioration model is developed based on the hypothesis that the reduction in frictional resistance is another deterioration mechanism in addition to the damage in concrete cover. The new model takes the advantage of Bigaj model and incorporates the deterioration mechanisms in Shima model. In other words, unlike existing models in which the qualitative tendency of the bond deterioration is considered, the model combines the rational evaluation of the bond deterioration with the easy handling from the numerical point of view.
The results calculated by the proposed model are compared with the average τ-ε relationships obtained from the uniaxial tensile tests. The comparison shows that the model shows acceptable agreement with the test results regardless of the dominant bond deterioration mechanism. Moreover, the response of the severely damaged member, specimen PW100, is well simulated by the model, compared to both Shima and Bigaj models. It should be noted that the applicability of the model to the localized failure remains unknown, such as splitting failure with longitudinal cracks, because the test results are discussed in terms of the average values. Also, the discrepancy with the specimens subjected only to the temperature fluctuation needs to be addressed. 
